Aging-related weakness is due in part to degeneration within the central nervous system. However, it is unknown how changes to the representation of corticospinal output in the primary motor cortex (M1) relate to such weakness. Transcranial magnetic stimulation (TMS) is a noninvasive method of cortical stimulation that can map representation of corticospinal output devoted to a muscle. Using TMS, we examined age-related alterations in maps devoted to biceps brachii muscle to determine whether they predicted its age-induced weakness. Forty-seven right-handed subjects participated: 20 young (22.660.90 years) and 27 old (74.9661.35 years). We measured strength as force of elbow flexion and electromyographic activation of biceps brachii during maximum voluntary contraction. Mapping variables included: 1) center of gravity or weighted mean location of corticospinal output, 2) size of map, 3) volume or excitation of corticospinal output, and 4) response density or corticospinal excitation per unit area. Center of gravity was more anterior in old than in young (p,0.001), though there was no significant difference in strength between the age groups. Map size, volume, and response density showed no significant difference between groups. Regardless of age, center of gravity significantly predicted strength (b = 20.34, p = 0.005), while volume adjacent to the core of map predicted voluntary activation of biceps (b = 0.32, p = 0.008). Overall, the anterior shift of the map in older adults may reflect an adaptive change that allowed for the maintenance of strength. Laterally located center of gravity and higher excitation in the region adjacent to the core in weaker individuals could reflect compensatory recruitment of synergistic muscles. Thus, our study substantiates the role of M1 in adapting to aging-related weakness and subtending strength and muscle activation across age groups. Mapping from M1 may offer foundation for an examination of mechanisms that preserve strength in elderly.
Introduction
Aging is associated with significant muscle weakness, ranging from 20% to 50% loss in strength [1] [2] [3] [4] . Muscular atrophy contributes to this weakness [1, 5, 6] ; however, degeneration within the central nervous system exaggerates the effect. Central neural degeneration with aging involves reduced gray matter volume [7] , fewer motor cortical neurons [8] , and decreased synaptic density [9] , white matter integrity [10] [11] [12] , neurotransmitter levels [13] , spinal motoneuronal excitability [14] . Although the importance of central neural degeneration in aging-related weakness is well known [15] , role of the primary motor cortex (M1) and corticospinal projections is relatively unclear.
Traditionally, M1 and its corticospinal output have been considered critical for dexterity [16] rather than force or muscle strength [17] . Single cell recordings in non-human primates however challenge this notion by showing that with increments in static torque, activity of corticospinal neurons increases linearly [18] . A similar relationship has been demonstrated in humans using Transcranial Magnetic Stimulation (TMS). By exciting M1 [19] [20] [21] via electromagnetic induction, TMS elicits motor evoked potentials (MEPs) in muscles, representing corticospinal excitation [22] [23] [24] . With increments of dynamic forces [25, 26] , and with gains in muscle strength in training, TMS shows facilitation of corticospinal excitation [27] [28] [29] [30] [31] .
It remains unknown, however, whether loss of muscle strength in aging is analogously related to reductions in corticospinal excitation. Evidence indicates that corticospinal excitation reduces with age [32] ; intra-cortical and inter-hemispheric physiology becomes restrictive upon corticospinal output [33] [34] [35] [36] [37] [38] . We have recently shown that intra-cortical and inter-hemispheric physiology relate to muscle strength in the aged [38] . However, such correlates of strength have been inferred only from one site in M1 [32, [39] [40] [41] [42] [43] . Since corticospinal output originates from several motor cortical areas [44] , extrapolating from one site to infer system-wide reductions in corticospinal excitation may be contorted [45] .
An alternate method that defines functional topography or representation of corticospinal output devoted to a muscle involves motor mapping. Mapping involves delivering TMS stimuli to various scalp sites along a coordinate system while MEPs are recorded from muscle-of-interest [24, 46] . Two recent studies have adopted mapping to define age-associated changes in corticospinal output for distal muscles of hand [47, 48] . This is not unlike other studies, a trend based on the significance of distal muscles for dexterity/skill [32, 39, 40] . We believe, however, that examining age-related adaptations that explain weakness, especially of the proximal large muscle groups, also carries significance. Even though loss of dexterity is the first to appear, weakness becomes prominent after 45 years of age [49] . Study of age-associated changes in corticospinal output for larger proximal muscles would be even more critical because their gross strength could compensate for failing dexterity in age, such as in stroke [50] .
Therefore, in the present study, we examined motor maps devoted to biceps brachii muscle to understand whether altered representation of its corticospinal output explains age-induced weakness. The present study is an extension of our recent work [38] , where we discussed how intra-cortical and inter-hemispheric physiology could explain age-induced weakness. In the present study, we compared motor maps of biceps across older and younger participants upon size of the map, location of weighted mean corticospinal excitation, and overall corticospinal excitation [46] . We theorized that motor maps would illustrate key agerelated changes that would predict level of weakness. Study of motor maps in aging is clinically significant because in neurologic conditions that are associated with corticospinal and motoneuronal degeneration, such as stroke, spinal cord injury, or nerve injuries, motor maps reorganize in ways that is adaptive and at times maladaptive for weak muscles [51] [52] [53] . Since aging is analogously accompanied by corticospinal and motoneuronal degeneration [8, 39, 40] , we theorized that motor maps in aging would reorganize to reflect age-induced weakness. Study of motor maps in relation to age-related weakness is also critical as it helps reinforce the role of M1 and corticospinal output in strength, an association classically emphasized for dexterity.
Methods

Ethics Statement
All subjects provided signed and written informed consent prior to participation. The Institutional Review Board of the Cleveland Clinic approved the experimental protocol.
Subjects
Twenty young (mean 6 s.e.) (22.660.90 years, 10 females) and 27 right-handed [54] older adults (74.9661.35 years, 19 females) were enrolled. Young participants were recruited using advertisements around college campuses, while older participants were recruited from local community centers. Subjects had not been involved in systematic upper limb training for 5 years. Exclusion criteria included any confounding neurological or musculoskeletal condition affecting upper limbs, cognitive decline (tested using Mini Mental State Examination) [55] and established contraindication to TMS [56] .
Assessments
We chose to study the non-dominant biceps brachii because differences in corticospinal excitation between young and old are most accentuated on this side in right-handed participants [32] . biceps brachii was generated using TMS. Before the TMS session, the individual's cranial landmarks were registered to a standard anatomical MRI template to assist stereotactic navigation for accurate application of TMS. TMS was applied using a figure-of-eight (70 mm) coil connected to a Magstim 200 2 device (Magstim Co., Whitland, Dyfed, UK). The coil was placed tangentially on the scalp with the handle oriented backwards and laterally at 45u from mid-sagittal axis, while it was guided to target the anatomical region of the precentral gyrus in right M1, using frameless stereotaxy (Brainsight, Rogue Research Inc, Montreal, Canada). MEPs in biceps were recorded using surface EMG electrode set-up described above.
Using single-pulse TMS, we located the site which elicited MEPs of at least 50 mV (peak-to-peak amplitude) in biceps in 3 out of 5 trials at lowest TMS intensity; we denoted this site as the hotspot. The minimal intensity of TMS stimulation required to elicit such MEPs at the hotspot was termed the resting motor threshold (expressed as percentage of the maximum stimulator output).
The motor map was created at an intensity of 110% of the resting motor threshold [57] , while subjects maintained biceps muscle at rest. Starting from the hotspot, scalp sites at incremental distances of 3 mm were targeted in eight radial directions over the right hemisphere on a three-dimensional reconstruction of the brain. We adopted this method because biceps is a proximal muscle, for which representation of corticospinal output can comprise fewer neurons spread over a variable region [58] . By using a method of sampling that not only maps in cardinal, but also in inter-cardinal directions from the hotspot, we aimed to sample at a higher resolution than contemporary work (generally 1cm in cardinal directions). During mapping, each site was stimulated with two successive TMS pulses separated by 4-6 seconds, based on methodology described previously [59, 60] . A site was deemed responsive only if it generated reproducible MEPs in resting left biceps on two consecutive trials [60] . Mapping was continued in each radial direction until two consecutive nonresponsive sites were found. This method ensured that we were not limited to mapping within a grid of pre-specified points, enabling customization of mapping to each individual. Further, by mapping until even the smallest MEP (,10 mV) could be discerned, we aimed to capture the full extent of representation of corticospinal output [61, 62] . The number of scalp sites in our study ranged from 14 to 96, with a mean6se of 47.9362.59. amplified, band-pass filtered (10Hz-2KHz) and digitized (4 kHz) (PowerLab 4/25T, ADD instruments, Salt Lake City, UT) and stored on a computer for offline analysis (Scope software version 4.0.8). The two non-rectified MEPs at each site were averaged. Their peak-to-peak amplitude was recorded and normalized to MEP Maxima , the maximum MEP (in mV) evoked in biceps muscle from any scalp site included in the motor map.
Data Analysis
a. Location of mean corticospinal excitation, commonly known as center of gravity [57, 62] , was expressed as MEP-weighted center. It illustrates the weighted-average location of representation of corticospinal output devoted to a muscle [62] [63] [64] [65] . We described its medio-lateral (x) and antero-posterior (y) coordinates in relation to the nasion. The medio-lateral (x) coordinate was computed by multiplying the medio-lateral coordinate at each site by its normalized MEP and summing across all positions. The antero-posterior (y) coordinate was calculated using the same method. The equations are noted in 1,
where MEP i is the average normalized amplitude of MEP at each responsive site and (x i , y i ) represent the x and y coordinates of the site normalized to the nasion.
b. Map Size: Extent of the representation of corticospinal output devoted to biceps or map size was described as count or the number of scalp sites eliciting MEPs in biceps [64] . c. Corticospinal Excitation was calculated in two ways i. Overall excitation was represented by normalized map volume, [57, 63] or the sum of normalized MEPs across all responsive scalp sites [63, [66] [67] [68] (equation 2).
Map Volume~X MEP i MEP Maxima ð2Þ
Map volume was also extracted for four concentric sub-regions of the map. Sites that yielded MEPs between 0 to 25%, 25 to 50%, 50 to 75% and 75 to 100% of MEP Maxima were categorized in different levels-level I, II, III and IV. To graphically represent map volume, we developed contour and three-dimensional plots [69] .
ii. Map Response Density: Although map volume describes the total sum of excitation, it could be affected by map count. As in equation 2, map volume is defined by the sum of normalized MEPs at all sites. Thus, the variable is inherently linked to size. We therefore calculated a parameter, which we call response density that would quantify the spread of excitation irrespective of number of responsive sites constituting the map. Response density was defined as the average MEPs per unit area (equation 3). Biharmonic interpolation (Matlabv.R2009a) was used to 3D fit the data and these points were used in a double-integral formula to find the average MEP spread over the whole map. This average response was then normalized to map size for each individual. We computed the response density across the entire map, and then analyzed it for levels I, II, III and IV separately.
Response Density~Ð
Statistical Analyses Statistical analysis was performed using Statistical Package for the Social Sciences (v18, SPSS Inc., Chicago, IL). Normality of all dependent variables was assessed with Kolmogorov-Smirnov tests and assessment of normality curves. Although we were aiming to understand age-related differences in strength, gender affects muscle strength and force as well. Females are generally weaker than males by up to 40% [70, 71] . Thus, comparisons of mean Force and mean EMG were conducted using 2-way Analysis of Variance (ANOVA), with age and gender as independent factors. The level of significance was set at a = 0.05. Variables related to motor map: size, center of gravity, map volume and response density were compared using two-tailed independent samples ttests with appropriate corrections for multiple comparison test (Bonferroni method). Last, we employed a multiple regression analysis to estimate the relationship and predict the mean force of elbow flexion, and the mean EMG of biceps brachii, from variables of motor map, while accounting for the effect of age group and gender.
Results
All variables were normally distributed. Two-way ANOVA for mean force of elbow flexion showed that the main effect of gender was significant (F 1, 47 = 28.49, p,0.001) but neither the main effect for age group nor its interaction with gender was significant. Females were approximately 42% weaker than males; while males generated 139.7569.95N, females produced 81.2865.38N of mean force during maximal elbow flexion. Comparisons of voluntary EMG activity of biceps brachii similarly revealed a main effect for gender (F 1, 47 = 21.89, p,0.001), but no significant effect for age group or age group x gender interaction. In females, mean EMG of biceps brachii that was generated during maximal elbow flexion was less than half of what was generated in males (0.3660.03mV versus 0.860.10mV). Females were weaker in both young and older age groups for mean force (t 1,18 = 3.33, p = 0.004 and t 1,26 = 4.41, p,0.001) and mean EMG of biceps (t 1,18 = 2.94, p = 0.014 and t 1,26 = 3.99, p,0.001) (Fig. 1a and 1b) .
Resting motor threshold for young and older subjects was 66.5563.86% and 64.8262.52% of the maximum stimulator output. MEP Maxima was 0.6660.16 mV and 0.5660.09 mV in younger and older individuals. Neither differed significantly between the two age groups.
The center of gravity of the map (Fig. 2) Figure 3 shows representative examples of motor maps from a young individual and an old individual. We have depicted the spatial distribution of MEPs across targeted loci comprising each map. The younger subject elicited MEPs in biceps from 52 loci while the older adult evoked responses from 42 ( Fig. 3) . The map count however was not different between the two age groups (young: 49.1764.39; old: 45.8563.34) (Fig. 4a) (Fig. 4b) and its sub-levels I through IV did not vary between the young and old. Figure 5 illustrates the findings of spread of excitation, or the response density ( Fig. 5a and b) . The overall response density across the entire map was not different; it was 25.1162.98 and 24.7462.32 in young and older subjects, respectively. The two groups did not show a significant difference in any of the sub-levels, although response density in level IV tended to be lower in older versus young age group (84.7260.39 vs. 83.4360.47) (t 0.05, 43 = 1.94, p = 0.059), but did not meet the Bonferroni-corrected a level of significance set at 0.01. Representative examples can be found in Fig.5a and b.
Using the stepwise regression method, a significant model was observed in predicting left elbow flexion strength from characteristics of motor map ( 
Discussion
The purpose of the present study was to analyze age-related changes in motor map for biceps brachii, and assess if they explain age-induced differences in its strength. We have found that motor map of biceps muscle has a more anterior center of gravity in older adults, but it does not necessarily relate to age-induced decrement in strength of elbow flexion or biceps activation. When removing effect of age or gender, however, center of gravity explains differences in elbow flexion strength, while excitation of the map surrounding its core predicts voluntary muscle activation. Our study represents the first attempt at comparing aged versus young upon the entire representation of corticospinal output for a large, proximal upper limb muscle. This exploratory initiative has led to novel findings. We have shown adaptive reorganization that may help sustain corticospinal output for meaningful proximal muscle strength in the aged. Next, we have shown how representation of corticospinal output may be predictive of strength and muscle activation. These findings substantiate the role of M1 and corticospinal output in strength, offering correlates for study of weakness/de-conditioning, and strengthening. The significant (,13mm) age-related anterior shift of center of gravity in older adults cannot be explained by the threshold intensity of TMS or map size or corticospinal excitation because these did not vary between young and old. Instead, it may reflect adaptive reorganization in the aged. In patients with neural degeneration, such as in spinal cord injury [72] or stroke [73] , shifts in center of gravity notably serve to increase motor output from weak muscles. Although aging is characterized by progressive, rather than acute degeneration, still 35% of corticomotor neurons are lost by age 50 [74] . To sustain useful muscle function, older adults may need to rely on anteriorly located areas that project substantial (,60%) direct corticospinal neurons [75, 76] . Functional imaging identifies anterior activation in the supplementary [77] and premotor cortices [37] in the aged. Since neither elbow flexion strength nor biceps activation reduced with age in our study, i.e. performance of the aged remained comparable to the young [77] , an anterior shift in locus of mean corticospinal excitation perhaps allowed for maintaining output in the aged.
The fact that medio-lateral coordinates of center of gravity explained elbow flexion strength, when removing effect of age and gender, is a new finding. It can be understood in the context of longitudinal changes in strength. Since gains in strength are . 4a ). Note that map in the older individual is positioned anteriorly, which potentially explains why the center of gravity in older individuals was anterior too (Fig. 2) . doi:10.1371/journal.pone.0089371.g003
accompanied by higher corticospinal excitation [27] [28] [29] [30] for trained muscles [78] [79] [80] [81] , a relatively medial center of gravity in stronger individuals may represent higher excitation of prime elbow flexor-biceps brachii. On the other hand, a more lateral coordinate in weaker individuals may reflect greater reliance upon laterally represented synergists -wrist and finger flexors. We cautiously draw this inference however since EMG of wrist and finger flexor or brachioradialis was not acquired. Still, our position derives from deafferentation conditions [59, 82] . In such conditions, centers of gravity of typically remote muscles can become proximate owing to their co-contractions. These co-contractions serve as adaptations for weak muscles [69] . Future studies can employ longitudinal designs of strengthening, or compare stronger versus weaker adults upon topography of biceps and its synergists.
Map volume or excitation surrounding the core of the map significantly explained voluntary activation of biceps. That this effect was specifically observed not for the core but its surrounding region indicates that the differences in weak versus strong muscle activation relate to spread of excitation. Higher spread may be meaningful for weaker adults and may have been shaped by intracortical inhibition [83] . We have recently shown [38] that individuals who poorly activate biceps demonstrate lower intra-cortical inhibition. Lower inhibition may help spread excitation to recruit adjacent synergistic muscles. Again, without EMG of synergists, however, our projections are speculative.
Still, our present findings that map reorganization relates to muscle strength can find support in our recent findings where we implicate intra-cortical circuits [38] . In the same set of subjects, we have recently found that weaker individuals show lower intracortical inhibition, which may help them recruit neighboring muscles in increments in force or strength [29, 84, 85] . Since maps reorganize (shift) towards regions with lower intra-cortical inhibition [86] , we believe that in the present report weaker individuals may have relied on intra-cortical physiology to spread excitation. In support, we have noted that area and excitability (map volume) were larger in those with lower intra-cortical inhibition (r = 0.29, p = 0.08, n = 36; r = 0.36, p = 0.03, n = 45) and lateral shift was noted in those with diffused excitability (low response density, r = 0.38, p = 0.009, n = 45) (data not shown regarding correlations with [38] ). Weaker individuals may have shown lateral shift and spread of excitability to neighboring regions via reductions in lower intra-cortical inhibition. Even though without EMG of synergists, it is difficult to confirm whether map reorganization was truly representative of their recruitment, our findings here and their relation to our previous report of intra-cortical inhibition [38] , preliminarily support our claim.
Overall, our study presents two novel directions in the study of age-associated changes in corticospinal excitation: motor map reorganization, and its relation to strength of a large, proximal upper limb muscle. Evidence thus far has almost invariably inferred age-associated corticospinal excitation from a single locus for distal muscles of wrist/hand [32, [39] [40] [41] [42] [43] . However, measuring excitation from a single locus misses a critical elementreorganization. Since reorganization defines disease-related shifts in excitation, particularly in stroke (review in [46] ), understanding how age itself influences reorganization would help validly attribute changes in maps to disease vs. age. Study of corticospinal topography for a proximal muscle that has a role in gross motor strength rather than distal muscle that signifies dexterity is critical in the aged. Although distal muscles show greater and earlier reduction in corticospinal excitation than proximal in aging, strength of proximal muscles is essential to partially compensate for failing dexterity [50] . Our study lays the foundation for an exploration of mechanisms that preserve this important substrate of motor function.
Our study of maps irregularly compares with that of McGregor et al. [47] , who show that maps in older adults have less excitation, and Bernard and Seidler, who note that they are spread extensively [48] . Owing to differences in methodology, comparing our study with others presents some challenge. Since we studied a proximal muscle that had not yet witnessed dramatic age-related weakness, we missed drastic age-related differences in excitation or map size. Had we examined topography of distal muscles in the same sample, our findings may have been relatable, a speculation supported by the fact that older subjects in present study were significantly weaker distally (grip force, data not shown). Also, since we used high-resolution mapping acquiring greater number of samples, relating our findings to those of others who use standard 1 cm resolution is challenging.
The present study and its methodology present limitations that warrant discussion. Compared to traditional mapping in a predetermined (usually rectangular) grid, by mapping along radial directions we may have missed sites between orthogonal axes (see figure 3 ). We still believe there are some advantages unique to our technique. First, we collected data from ,49 points in young and ,45 in old, which is significantly greater than that tested with traditional rectangular grid maps (,10 to 15) [48] . Second, the resolution of our map was three times better (3 mm) than that in standard mapping (usual 10 mm spacing). Our method may carry significance for proximal muscles as biceps that have fewer cortical sites [58] , especially in stroke or other brain lesions where traditional 1 cm resolution maps are even smaller (,4 to 5 sites) [60] . Further, with mapping at high resolution, even small changes in excitability can be meaningfully studied. We were able to explore spatial spread of excitability (response density) and detect changes within outer and inner layers of map (e.g. map volume and biceps' activation). Another methodological limitation is that since several high-resolution sites were being collected, the number of trials at each was not adequate. Previous work has included two consecutive trials as here [60] , but certainly TMS measures can suffer from poor trial-to-trial variability [87, 88] . In future, radial, high-resolution maps based on a pre-determined grid with sufficient measurements at each site would be ideal for mapping proximal muscle.
Finally, the lack of significant deficit in biceps strength may have resulted from a sampling issue. Older adults here were recruited from fitness facilities. Even though they had not engaged in upper limb training, they tended to be more active than those in the general population. Anterior shifts in center of gravity and lack of age-related weakness may be related to active lifestyles. Next, inclusion of different genders may have affected results when considering that subsets of older males and older females, and younger males and younger females were ultimately too small for powerful comparison. This limitation becomes clear when realizing that age group X gender interaction effect had p-values of 0.32 (observed power = 16.6%) and 0.27 (observed power = 19.7%) for strength and muscle activation. When we closely examine strength differences between older and younger males, the 2-tailed p-value for differences in their strength and muscle activation becomes 0.21 and 0.19. Therefore, we may have missed age-related differences in strength due to sampling issues and inclusion of smaller samples of both genders.
Although central neural degeneration has been implicated in muscle weakness in elderly, it is not known how changes in motor cortex explain changes in strength. Our study offers a novel exploratory perspective of such a relationship through study of maps of corticospinal excitation for a proximal muscle, strength of which is critical for function. We found both age-related and strength-related shifts in location and spread of its maps. Maps in older adults were anterior to those in young, constituting an adaptive shift, which potentially allowed for maintaining corticospinal excitation for sustaining strength. Strength-related shifts in maps offered weaker individuals an opportunity to spread corticospinal activation to recruit synergistic muscles. In elderly who have lost dexterity, the maintenance of strength in proximal muscles allows for their compensatory use to maintain overall motor function. While our study substantiates role of motor cortex in strength, still future studies could compare active, sedentary and frail older adults to assess if adaptive shifts in corticospinal excitation are an effect of active lifestyle or are vital to maintaining strength.
